Introduction
Genetic studies have identified many useful loci contributing to complex traits; unfortunately, many of them remain unutilized in plant breeding (Bernardo 2008) . Validation is an important and often overlooked step between quantitative trait loci (QTL) identification and subsequent research in QTL cloning, genomics studies, or marker-assisted breeding. Efforts to conduct validation are often avoided due to the large numbers of QTL identified in mapping studies and the substantial amount of time and resources required to generate independent and appropriate testing populations. Despite these deterrents, validation studies have been conducted in many crops, including maize (Austin and Lee 1996; Landi et al. 2005) , soybean (Fasoula et al. 2004) , sunflower (Micic et al. 2005) , and tomato (Foolad et al. 2001) . Successful validation studies in barley have confirmed QTL with effects on agronomic, disease resistance, and quality-related traits, among others (Ahmad Naz et al. 2012; Canci et al. 2004; Spaner et al. 1999; Castro et al. 2003; Muñoz-Amatriaín et al. 2008; Romagosa et al. 1999; Yun et al. 2006) . However, these validation efforts represent only a small fraction of the published QTL.
Association mapping (AM) is a powerful tool for utilizing genotype and phenotype data from diverse germplasm to detect marker-trait associations and has its own challenges in terms of validation (Zhu et al. 2008 ). In barley, AM studies have generally been successful in identifying causative QTL regions; however, results are difficult to reproduce across genetic backgrounds and experiments, and effect sizes are often small (Cockram et al. 2010; Kraakman et al. 2006; Massman et al. 2011; Rostoks et al. 2006; Roy et al. 2010; Stracke et al. 2009 ). Despite the expanded opportunities to discover QTL through AM, few of these QTL have been confirmed by independent Abstract Fusarium head blight (FHB) and its associated mycotoxin, deoxynivalenol (DON), are the major biotic factors limiting cereal production in many parts of the world. A recent association mapping (AM) study of US six-row spring barley identified several modest effect quantitative trait loci (QTL) for DON and FHB. To date, few studies have attempted to verify the results of association analyses, particularly for complex traits such as DON and FHB resistance in barley. While AM methods use measures to control for the effects of population structure and multiple testing, false positive associations may still occur. A previous AM study used elite breeding germplasm to identify QTL for FHB and DON. To verify the results of that study, we evaluated the effects of the nine DON QTL using near-isogenic lines (NILs). We created families of contrasting homozygous haplotypes from lines in the original AM populations that were heterozygous for the DON QTL. Seventeen NIL families were evaluated for FHB and DON in three field experiments. Significant differences between contrasting NIL haplotypes were detected for three QTL across environments and/or genetic backgrounds, thereby confirming QTL from the original AM study. Several explanations for those QTL that were not confirmed are discussed, including the effect of genetic background and incomplete sampling of relevant haplotypes. validation studies to enable subsequent genetic research or application in marker-based breeding. Verification of AM results is especially important due to the complex population structure that often exists in AM panels. Varying degrees of relatedness between individuals can result in spurious associations if not accounted for properly (Lander and Schork 1994) . The diverse nature of AM panels and the potential for multiple segregating alleles at a QTL make it particularly important to validate effects in relevant germplasm. Furthermore, the power to detect QTL is contingent upon many factors that vary among studies including population size, marker density, linkage disequilibrium (LD) pattern, and effect size (Long and Langley 1999) . Finally, the number of marker tests conducted in analyses along with phenotyping and/or genotyping errors can increase the potential for false positive associations.
Methods to validate QTL include, but are not limited to, testing of QTL with additional progeny from the original or independent mapping populations, confirming effects via marker-assisted selection (MAS), and contrasting allele comparison using near-isogenic lines (NILs). Using NILs, in particular, has been shown to be advantageous for a number of purposes beyond validation, including integrating molecular and genetic marker maps (Muehlbauer et al. 1988) , identifying QTL (Kaeppler et al. 1993) , and fine mapping (Brouwer and St. Clair 2004) . When QTL are initially identified in wide crosses using exotic parents, NILs are attractive to breeders as they allow confirmation of QTL and quantification of allelic effects. Such application has supported QTL results for salt tolerance in soybeans (Hamwieh et al. 2011) , Fusarium head blight (FHB) resistance and grain protein content in wheat (Pumphrey et al. 2007; Prasad et al. 2003; Singh et al. 2001) , and disease resistance QTL in barley (Kongprakhon et al. 2009; Smith et al. 2004) .
Past studies using recurrent selection strategies to introgress donor QTL alleles into recipient lines to construct NILs have been successful in confirming QTL effects, but these populations require additional time and resources to develop. In contrast, heterogeneous inbred families (HIFs) can be developed relatively easily from partially inbred lines after one generation of selfing and selection (Tuinstra et al. 1997) . This approach has been tested in several crop species, including sorghum to characterize seed weight (Tuinstra et al. 1997 ) and drought resistance QTL (Tuinstra et al. 1998) . Advanced inbred lines that are not completely homozygous at all loci provide a resource for simultaneous breeding and testing of effects in relevant backgrounds (Pumphrey et al. 2007) .
Fusarium head blight, or "scab", is a disease of small grains which in the United States is caused primarily by the fungal pathogen Fusarium graminearum Schwabe [teleomorph: Gibberella zeae (Schwein)] and has been a major target for small grains breeding programs in the US (Bai and Shaner 2004; Buerstmayr et al. 2009; Steffenson and Smith 2006) . Resistance to FHB and the accumulation of the mycotoxin produced by the pathogen, deoxynivalenol (DON), is both complex and quantitative, greatly affected by environmental factors, and therefore an appropriate candidate for MAS. No current barley varieties are immune, but varieties with improved resistance have been developed (Smith et al. 2013) . Several previous bi-parental mapping studies have identified QTL for FHB resistance distributed across the barley genome (Dahleen et al. 2003; Mesfin et al. 2003; de la Pena et al. 1999; Zhu et al. 1999; Ma et al. 2000; Horsley et al. 2006) . These studies have limited resolution (less than 10-20 cM ; Holland 2007) and are often based on wide crosses using exotic sources of resistance. As a result, numerous other traits can potentially cosegregate with resistance, making interpretation of disease resistance difficult.
A previous AM study by Massman et al. (2011) identified QTL for FHB and DON accumulation using elite germplasm from four Midwest US barley breeding programs. In this study, we present a rare validation of QTL identified by association mapping in the Massman study using near-isogenic lines. Our specific objectives were to (1) validate DON QTL detected in the original AM study (2) compare allelic effects from the AM study to those from the NIL study (3) investigate haplotype diversity at DON QTL within the original AM panel.
Materials and methods
To validate DON QTL previously identified through association mapping, we developed sets of NILs for QTL regions using selected SNP markers informative for the regions under investigation. These markers were used to genotype progeny from the individual plants that were heterozygous at DON QTL identified in the prior AM study to identify near isogenic homozygote pairs at the QTL regions of interest.
Marker selection A total of 28 candidate QTL were identified in the sixrow panels from the original AM study spanning all seven chromosomes (Supplemental Table 1 ). We inspected SNP genotypes at those QTL for 463 six-row lines from the AM panels and selected those identified as heterozygotes. All lines were previously genotyped by two sets of SNP markers referred to as BOPA1 and BOPA2 as part of the barley Coordinated Agricultural Project (CAP; http:// www.barleycap.org; Close et al. 2009 ). The SNP data for these lines are available in the Hordeum Toolbox (http://thehordeumtoolbox.org; Blake et al. 2012) . We also considered marker significance (p values) from the Massman et al. (2011) AM studies and distribution across the QTL region when making selections. Since the original study that used only BOPA1 markers was conducted, data for an additional 1,536 SNP markers (BOPA2) became available. Heterozygous markers within this pool were used to supplement the BOPA1 markers to span a QTL region. Based on these criteria, a total of forty-eight markers were selected to generate the NIL families for fifteen QTL regions, for which each region comprised of one to ten markers (Supplemental Table 2 ).
NIL development and genotyping
Markers and CAP lines used as parents for NIL development were selected simultaneously, considering both the number of heterozygous markers per line and the level of significance of the segregating markers spanning a QTL. Most parent lines were chosen to be heterozygous at only one DON QTL region. Twenty-four lines inbred to at least the F4 generation were ultimately identified to develop NIL families. Of those lines, 11 were developed from lines originating from the University of Minnesota (MN), 12 from North Dakota State University (ND), and 1 from Busch Agriculture Resources, Inc. (BA).
NIL families were generated by planting fifteen progeny seed from each of the 24 CAP lines in separate pots (one seed/pot) in a greenhouse. The seed of each CAP line was from a single plant that was genotyped with BOPA markers as part of the original AM study, thus we expected the progeny to segregate at a 1:2:1 ratio for the marker that was heterozygous in the CAP line parent. Tissue was harvested at the two-leaf stage from each plant and freeze dried for storage until genotyping. DNA extraction from the leaf tissue was carried out at the USDA-ARS Small Grains Genotyping Center in Fargo, ND using a modified wheat and barley extraction protocol (Pallotta et al. 2003) . All lines were genotyped for the forty-eight SNP markers with a custom Veracode assay using Illumina's Bead Express Technology (Illumina Inc., CA). The Illumina Genome Studio software was used to score the marker genotypes. These data were used to assign lines into NIL classes of contrasting haplotypes. Seven of the initial twenty-four families were excluded from further analysis based on the following criteria: (1) segregation at more than two QTL (2) residual heterozygous loci in the NILs or (3) the genotypic class assignment was unclear based on Genome Studio clustering results. A total of 92 NILs were developed from 17 families that segregated for nine DON QTL regions ( Table 1 ). The segregation of the 48 SNP markers for the 17 parents of the NIL families is shown in Supplemental Table 3 .
Phenotypic evaluation of NILs
The 92 selected NILs and 17 NIL parent lines from the AM study were planted in the summer of 2010 in Stephen, MN to increase seed used to plant disease trials in the summer of 2011 at three locations: St. Paul MN, Crookston MN, and Osnabrock ND. All three locations were planted in a randomized complete block design, treating each NIL Heading date (HD) was assessed as the number of days after planting in which 50 % of the heads in a plot had emerged half way or more from the boot. All entries for a block within a NIL family experiment were rated for disease on the same day. At the St. Paul and Crookston locations, ten arbitrarily selected spikes within each row were scored for FHB severity using the following scale corresponding to the percent of infected kernels on a spike: 0, 1, 3, 5, 10, 15, 25, 35, 50, 75 , and 100 %. FHB severity and HD data from Osnabrock were not collected.
The St. Paul location was inoculated with a mixture of 50 F. graminearum isolates collected between 2005 and 2010 from Minnesota wheat and barley fields. Plots were inoculated twice with micro-conidia using CO 2 -powered backpack sprayers, once just after heading when greater than 90 % of the spikes per row had emerged from the boot and again approximately 4 days later (Steffenson 2003) . Due to the differential flowering times observed among families, over half the field (439 plots, including: all five reps of NIL families FEG149-18, ND25665, ND25694, FEG126-12, FEG148-40, ND25661, FEG132-63, ND25657, and ND25684; one rep of M04-45; two reps of ND25681; four reps of ND25732) was inoculated first on June 28 and again on July 1, while the second half (296 plots, including remaining NIL families and replications) was inoculated on July 1 and again July 5. All entries within a replication within a family were inoculated at the same time. Inoculum at Crookston and Osnabrock was applied as a Fusarium-colonized grain spawn at approximately 56 kg/ ha at 2 weeks and 1 week before flowering (Horsley et al. 2006) . All fields received mist-irrigation after inoculum was applied to facilitate disease development.
Plots were harvested in St. Paul and Crookston using a hand sickle and threshed on site with a custom Vogel thresher. Samples from Osnabrock were hand harvested by sickle, placed in paper bags, and later threshed in St. Paul. All grain samples were cleaned to remove excess chaff using a belt thresher. After cleaning, the grain was hand mixed and sub-sampled before grinding for toxin analysis. Approximately 20 g of grain from each plot was ground using a Cyclotec sample mill with a 1 mm mesh sieve and analyzed for DON using gas chromatography and mass spectrometry (Tacke and Casper 1996) .
Analysis of NIL study haplotypes
Phenotypic data for each family were checked for departure from normality and homogeneity of variance by plotting quantiles as a QQ-plot and performing the Bartlett test, respectively. Observations from the phenotypic data sets were excluded from analysis if the values exceeded three standard deviations from the NIL family means. Phenotypic data for NILs (CAP parent line data were excluded) were used to estimate the variance components using the restricted maximum likelihood method of "PROC MIXED" implemented in SAS v 9.2 (SAS Institute 2008). A mixed model was fitted to a combined locations dataset on a family basis including haplotypes as a fixed effect and location, replication nested within location, line nested within haplotype, and line nested within haplotype by environment interaction as random effects. Inclusion of line nested within haplotype, and line nested within haplotype by environment interaction as random effect lowers the chance of false positive associations as demonstrated by Piepho (2005) . The Kenward Roger method was implemented to approximate the appropriate denominator degrees of freedom. A QTL was considered validated if significant differences among haplotypes were observed below the α = 0.05 threshold.
A QTL haplotype was defined as the combination of marker genotypes for an individual for the set of markers selected to represent the QTL region. Haplotype effects for traits were calculated on a NIL family basis as the difference between haplotypes as a percentage of the family mean. The effect direction was determined by subtracting the numerically lower haplotype from the higher haplotype (i.e., haplotype 2 minus haplotype 1). Haplotype numbers were arbitrarily assigned.
Analysis of AM study haplotypes
To assess haplotype performance from the original AM data sets, we grouped CAPI and CAPII lines based on marker haplotype for the set of markers used to define each QTL region in the NIL study. The two haplotypes defined by each NIL family represent a subset of those that exist in the AM panel. Least squares means were calculated with data from four trials described in the Massman et al. (2011) study. Groups of lines in the AM panel representing the same haplotypes as those tested in the NIL study were used to determine effects. Effect sizes for DON, FHB, and HD were calculated based on the average performance of lines comprising a QTL haplotype as a percentage of the population mean. These calculations did not account for population structure and were based on phenotype data collected in 2006 and 2007 in the original study. A two-sided unpaired t test was used to determine whether the same 1 3 haplotype comparisons made in NIL trials were significant in the AM study. Finally, a Tukey's honest significance difference (HSD) means separation procedure was used to identify differences in mean performance among all the haplotypes observed in the AM panel.
Results
Disease pressure was sufficient at all three disease nurseries to assess phenotypic variation with average DON levels of 10.6, 11.5, and 32.7 ppm for Osnabrock, St. Paul, and Crookston, respectively. FHB severity was on average 5 % in St. Paul, 31 % in Crookston, and HD was on average about 10 days earlier in Crookston. Error variances were homogenous for all traits across all environments. The following sections describe the results from combined location analysis for the NIL families evaluated.
Single QTL NIL families
Fourteen NIL families segregating at a single QTL region were used to evaluate eight DON QTL (Table 2) . In three instances, a single family was used to evaluate a region; in four cases two families were used, and in one case three families were used. Two haplotypes were defined by each NIL family and each haplotype within a family was represented by one to seven lines. Three of the fourteen NIL families segregating at a single QTL had significant differences between haplotypes for DON. Two NIL families were significant for HD, of which one was in common with a family significant for DON. Ten NIL families were not associated with any of the three traits. FHB severity was not significant between haplotypes in any family.
At QTL region DON.13, haplotype 2 conferred a decrease in DON concentration relative to haplotype 3 by 23 % in NIL family ND25691. HD was also significant in two of the NIL families with haplotype 2 conferring a 1.8 % (1 day) and 2.4 % (0.3 day) difference in flowering time compared to haplotypes 1 and 3, respectively. This haplotype consistently differs from the more susceptible, later maturing haplotypes 1 evaluated in M04-45, and the later maturing haplotype 3 for ND25691 at two markers less than 1 cM apart (Fig. 1a) . This QTL was among the most significant for DON in four At QTL region DON.10 the effect of haplotype 4 decreased DON relative to haplotype 3 by 15 % (Table 2) . These two haplotypes contrasted three markers spanning 1.6 cM of the 6.3 cM QTL region in the original mapping study (Fig. 1b) . DON.10 was previously identified by several bi-parental mapping studies, and in the original AM study was significant in CAPI, CAPI six-row, and CAPII six-row mapping panels (de la Pena et al. 1999; Ma et al. 2000; Massman et al. 2011; Mesfin et al. 2003; Zhu et al. 1999) .
Finally, QTL region DON.33 was evaluated using two NIL families with haplotypes defined by a single marker. The effect of haplotype 2 significantly decreased DON by 9 % relative to haplotype 1 in the ND25728 NIL family ( Table 2) .
Two QTL NIL families NIL family FEG126-12 resulted in significant haplotype differences for FHB (Table 3) . In this family, haplotype 2 of DON.17 is identical to haplotype 2 of single NIL family FEG168-09 which had no effect on DON ( Fig. 2a ; Table 2 ). The other haplotype, 3, is distinct from those evaluated in FEG168-09. The two haplotypes of DON.18, 5 and 6, are distinct from the other four haplotypes identified in single NIL families FEG148-40 and ND23899. Haplotype 3 at DON.17 and haplotype 5 at DON.18 occur together in two of the NILs and haplotype 2 at DON.17 and 6 at DON.18 occur together in the other NIL. The 3 and 5 haplotype combination is lower for FHB compared to the 2 and 6 haplotype combination. When these QTL were assessed individually in NILs, there was no effect on disease suggesting that the unique haplotypes segregating in the FEG126-12 are responsible for the effect on disease.
NIL families ND25665 and ND25694 were not significant for any trait (Table 3) . ND25665 tested the effects of DON.10 and DON.20. In single QTL analysis, the DON.10 haplotype 4 resulted in a significant DON decrease, while haplotype 1 imparted no significant difference (Fig. 2b) . DON.20 was not evaluated individually. The other two QTL line ND25694 segregated at DON.10 and DON.31 (Fig. 2c) and was not significant for any trait.
Overall in the NIL analysis, three QTL were validated for an effect on DON based on NIL haplotype comparisons and five were found to have no effect. One of the eight DON regions was found to have an effect on HD. NIL families segregating at multiple QTL suggest that haplotypes that were not segregating in the single QTL analysis could be responsible for the effect of those regions on DON or HD.
Haplotype effects in the association panel There were additional QTL haplotypes in the AM panel (referred to as AM haplotypes) beyond those represented (Table 4) . Additional AM haplotypes with greater than 1 % frequency within the population were identified in six of the eight QTL isolated by NIL families. The haplotypes observed in the NIL study were generally the most frequent haplotypes in the AM panel. 
AM haplotype effects were significant in nine and seven of fourteen families for DON and FHB, respectively (Table 2, AM haplotype study). Effect sizes ranged from 11 to 44 % for DON and from 16 to 72 % for FHB. HD effects were small (less than 3 %) and significant in six families. HD and DON effects were in the same direction in four families, and opposite in one family. When a DON effect was detected in the NIL study, there was a similar effect in the AM study with one exception. In family ND25728, the direction of the effect was negative in the NIL study and positive in the AM study. In terms of the DON effect size, the two studies were in general agreement although the AM haplotype effects were generally larger. The detection of heading date was inconsistent between the AM and NIL studies.
Discussion
Validating QTL prior to further genetic investigation or implementing MAS in breeding is a prudent step to insure effective use of resources. This is particularly true for QTL discovered by AM since there is an increased risk of false positive discoveries due to the complex population structure The FHB-related QTL we studied typically explained only 1-5 % of the observed variation in the AM study (Massman et al. 2011) . In contrast, the Fhb1 gene in wheat has been mapped repeatedly and accounts for 20-60 % of the variation observed in bi-parental mapping populations (Anderson et al. 2001; Buerstmayr et al. 2002; Buerstmayr et al. 2003; Waldron et al. 1999; Zhou et al. 2002) . Fhb1 NILs containing the resistant allele averaged 23 and 27 % less in disease severity and infected kernels, respectively, across several populations evaluated in the field (Pumphrey et al. 2007) . Interestingly, only half of the NIL pairs for Fhb1 studied showed a significant effect for disease spread as measured in a greenhouse assay; the phenotype that Fhb1 directly impacts. In another study, Haberle et al. (2007) validated the effect size and direction of two FHB resistancerelated QTL, which individually decreased severity by 27 % relative to the susceptible allele in a backcross population of winter wheat. Despite the fact that the QTL we studied explained a very small proportion of the genetic variation in the AM panel, the allelic effects of validated QTL ranged from a 9 to 15 % reduction in DON. This suggests validation efforts may be warranted even for associations that appear to have small effects when identified by AM.
Our primary objective was to validate DON QTL, but we also observed associations between DON and heading date that have been previously noted (de la Pena et al. 1999; Ma et al. 2000) . In the AM study, three of the five DON QTL investigated (DON.10, DON.13, DON.29) were associated with heading date (Massman et al. 2011) . It is often speculated that later heading results in lower disease as a result of disease avoidance rather than disease resistance per se, but there is some evidence supporting tight linkage of HD and resistance genes (Massman et al. 2011; Nduulu et al. 2007) . From our study of DON.13, the differential association between DON and HD among two NIL families indicates that linkage between the traits has likely been broken.
Failure to validate QTL
NILs provided a relatively simple means to validate QTL. No difference among NILs would suggest that the QTL was a false positive. Not surprisingly and consistent with past studies of FHB and DON, not all regions were confirmed in our study; however, several potential explanations could explain the failure to validate a QTL.
First, the effect of genetic background may have played a role in detecting differences among NILs. Evidence for a background effect is given by the two DON.33 NIL families that were both from the ND breeding program but have different pedigrees. Both tested the effects of identical haplotypes in the region using a single marker, but only one family was significant for DON. Pumphrey et al. (2007) found evidence for a background effect in the validation of Fhb1. The authors hypothesized that higher background resistance in some NIL families might make it more difficult to see a difference between NILs compared to NILs from families with lower base levels of resistance. Greater background resistance may also explain what we observed at DON.13. The ND family ND25691 resulted in higher overall DON levels than the MN family M04-45 (data not shown); however, the lower DON in M04-45 may be due to the fact that it is hulless and lower DON may result from the loss of the hull during harvest (Legzdina and Buerstmayr 2004; Clear et al. 1997) .
Another possible explanation for lack of validation is that the haplotypes conferring an effect in the AM panel were not those that were contrasted in the NILs that we developed. This could explain why at DON.13 only one of the three NIL families showed a difference in DON. A total of four haplotypes were evaluated, but only the family that contrasted haplotypes 2 and 3 was significantly different for DON. Haplotype effect estimates from AM population indicated that haplotype 3 conferred the least resistance which is consistent with the effect directions observed in the NIL study.
The complications of validation using NILs when multiple haplotypes for a QTL are segregating is apparent when we look at the large number of haplotypes present at some QTL regions (Table 4) . Since any NIL family will compare only two haplotypes, it is possible that our sample may miss the most informative haplotypes. This may indeed be the case for DON.29 where haplotypes 1, 2, and 3 did not differ from each other when tested as NILs. However, the AM results indicate that haplotype 5 would have shown an effect on DON if contrasted with haplotypes 1, 2, or 3. We also note there are cases where a difference in performance predicted by the AM study was not observed in the NILs as occurred with comparisons of haplotypes 1 and 2 at DON.18 (Tables 2, 4). Consideration of multiple haplotypes in the context of NIL validation also suggests that conducting AM by haplotype rather than by SNP could increase power to detect associations (Hamblin and Jannink 2011; Lorenz et al. 2010) .
Finally, if a QTL was not validated it is possible that even among near-isogenic lines there could be other loci for disease resistance still segregating, masking the effect for which the NILs were designed. We attempted to account for this by genotyping all NILs with a set of 48 markers that mapped to known QTL. In fact, several NIL parents were segregating at more than two DON QTL and were excluded from our study because of the anticipated complexity in 1 3 interpreting those results. Given the large number of loci that likely contribute to DON and the level of residual heterozygosity present in the CAP line parents, SNPs associated with DON that were not included in our 48 SNP screening panel could still be segregating among NILs.
Advantages of using NIL validation
The choice of QTL validation method is a function of the trait of interest and the organism under study. The vast majority of AM studies that have been conducted have been done in humans for disease-related traits (http://www.genome. gov/gwastudies) and approaches for validation are limited to conducting subsequent association studies in panels that are distinct from the original discovery panel. Therefore, the factors that could potentially limit power and increase bias in the original study (i.e., rare variants and population structure) are still relevant in the validation study.
The ability to easily generate NILs in plant systems offers substantial advantages with regard to validation and characterization of QTL. Measuring allelic effects in nearisogenic backgrounds eliminates the factors present in AM studies that can limit detection, such as population structure, varying allele frequency, and extent of LD. Using NILs, each allele or haplotype is evaluated at a designed frequency determined by the number of NILs generated, creating a situation with optimum power to detect an association. This reduces the confounding relationships of both differential allele frequencies and background effects. NILbased analysis is not subject to bias caused by population structure because QTL are tested in a fixed genetic background. However, analysis of identical NIL haplotypes developed across different populations provides an opportunity to investigate background effects on isolated QTL.
This NIL approach compared haplotypes on a family-wise basis without the disadvantage of confounding background effects. Identical QTL haplotypes among families were identified in several instances suggesting that a multi-family analyses may increase statistical power to detect effect differences. To test this hypothesis, additional field testing would be required to evaluate all relevant haplotypes together in the same experiment; however, the increase in power due to greater haplotype representation may be negated by additional segregation across families. For this reason, we chose an experimental design that limited our analyses to individual NIL families for the most direct comparisons possible.
In addition, the NIL validation approach offered the possibility to refine the QTL interval and increase the map resolution of QTL. At DON.13 and DON.10, we were able to significantly reduce the size of the QTL region defined in the original study (Fig. 1a, b) . We developed NILs by screening 15 progeny from each heterozygous parent and selecting the contrasting homozygotes. To further increase mapping resolution, one could easily select the heterozygotes, allow them to self-pollinate to generate large numbers of progeny, screen them with appropriate flanking markers, and obtain more recombinant NILs.
Finally, because NILs were derived from current breeding material instead of mapping populations, we can achieve the simultaneous benefits of validation and germplasm improvement (Pumphrey et al. 2007 ). Breeding for FHB resistance and lower DON has been difficult due to the complex nature of the trait and unfavorable linkages between resistance and other traits Nduulu et al. 2007 ). The major resistance QTL identified in bi-parental mapping populations have been linked to tall plant height and late heading which are both undesirable from an agronomic perspective. AM and subsequent validation in elite breeding material have identified QTL that can reduce DON by measurable amounts without negatively affecting other traits. We were able to validate QTL with larger effects that could be exploited by traditional MAS approaches. However, it is likely that much of the variation for FHB resistance and lower DON is explained by loci with relatively small effects. Recently, genomic selection approaches have been shown to be effective in predicting DON with a level of accuracy that should accelerate gain from selection (Lorenz et al. 2012) . Ultimately, the cost and format of the available marker genotyping technology will determine which approach is most promising. Taken as a whole, our results suggest a combination of MAS for QTL regions such as DON.10 and DON.13 and genomic selection may best serve breeding objectives for the reduction of DON in barley.
